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ABSTRACT

The recently developed technique of solid state coextrusion for ultradraw-

ing sei.iicrystalline thermoplastics has been applie d in the preparation of self-

reinforced high density polyethylene extrudates. The extruda tes consist of

definite core and sheath phases composed of different molecular weights (Mv)

in the range of 60,000 - 250,000 and different molecular weight distributions

(Mw/Mn 
= 0.3 - 20). Cocylindrical billets of two different phases were pre-

pared for extrusion by inserti ng a polyethylene rod within a tubular billet

of a different high density polyethylene followed by melting the two phases

to obtain bond i ng between them. The billet was then spli t longitudinall y to

increase extrusion speed followed by extrusion at 120°C., 0.23 GPa and extru-

sion draw ratio 25.

Thus it was possible to produce extrudates of high tensile modulus (45

GPa) and strength (0.55 GPa) at a rate near 0.7 cm./min. In genera l , the ten-

sile properties of the extruda tes increased with average molecular weight and

were insensiti ve to the mo l ecular weight distribution of the two phases.
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IN TR OD U CTION

The development of high strength forms of semicrystalline thernioplastics

has been pursued recently with considerable interest by employing essentially

three different techniques: crystalline state extrusion , drawing and drawing

from soiution~~
_8)

.

Crystalline state extrusion and drawi ng deal wi th the solid state defor-

iilat ion of thermoplastic polymers (polyethylene being the primary candidate) .

There are several parame ters which may infl uence the extrusion or drawing be-

havior. Two such parameters are the molecular weight (Mw) and molecular weight

distribution (Mw/Mn)• Ward and his co—workers ’
~~

5
~ have reported on the effects

of these parameters on drawing . They report that molecular weight and distri-

bution affect the draw rate and impose a limi t to the maximum obta i nable draw

ratio for specific drawi ng conditions (temperature and strain rate). Porter

et ai)~~ in their studies of the effect of molecular wei ght on the mechani-

cal properties of ultradrawn high density polyethylene (HDPE) report that the

higher molecu1a~’ weight polyethylenes give higher strength fibers yet with

no apparent effect on the Young ’s modulus which may have been concealed by

annealing effects. In addition , solid state extrusion of high molecular weight

polyethylenes at lower temperatures, <120°C., where annealin g does not occur

proceeds slowly for extrusion draw ratios >15 and hinders the systematic study

of the effect of molecular weight. This limi tation has been partially alle y—

lated by the recently developed technique of solid state coextrusion O0~
I
~~.

i
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In previous pub lication s~~
2
~
’i3) we reported the results of the extrusion of

self reinforced thermoplas tic composites and emphasized the feasibility of

crystalline coextrusion of polyethylenes of different mol ecular characteris-

tics. We also reported that the extrusion rate was faster when the high mo-

lecular wei ght HOPE component wa~ used as sheath rather than as core component

in the initial preformed billet.

In this report we discuss the effects of the molecular parameters on the

tensile properties and extrusion rate of solid state coextruded high density

polyethylenes.

EXPERIMENTAL

~aJj~reparation of Composite Billets

Composite billets of different high density polyethylenes were prepared

in a specially designed appara tus l, l3)~ Briefly, sheath components were

prepared by drilling out preformed rods into tubular billets and core compo-

nents were produced by turning down on a lathe a billet of the appropriate

polyethylene to a diameter equal to the inner diameter of the drilled out billet.

Subsequently, the sheath and core sections were melted together Into one billet

consisting of two different components . The volume fraction of the core com-

ponent was equal to 25%. The composite billets were then split long i tudinally

into two semiperipheral segments which assembled side by side were then press-

fitted into the reservoir of an Instron Capillar y Rheometer and coextruded .
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In these studies the composite billets were extruded at 120°C. and 0.23 GPa

through a brass conical die of length 2.54 cm. and nom i na l extrusion draw ratio

25 defined as the ratio of die entrance to exit cross sectional areas.

Initially, both core and shea th sections were prepared from the same poly-

mer. Subsequently, the polyme r sheath/core combinations were varied to inc l ude

high density polyethylenes of different molecular weights (Mw) and mo l ecular

weight distributions (Mw/Mn )• The molecular characteristics of the polyethy-

lenes used are listed in Table I.

Lb I I~~~~i Properties

The me lting curves of the extruded samples were determined wi th a Perkin-

Elmer differential scanning calorimeter (CDSC) Model 1B , calibrated by the

melt transition of indium . The melt behavior of the samples , ~2.O mg., was

i nvestiga ted at a heati ng rate of 10°C. min . 1 .

(c) Mechanical Properties

The tensile modulus and strength determinations of the extruded samples

were preformed at room temperature using an Instron testing instrument , Model

TTFI. For modulus measurements a strain gage extensometer (10 nm. gage length )

was used to measure strains on the deformed samples. The strain rate was 3.3

x l0~ sec.~~. The tensile modulus was determined from the tangent to the

stress-strain curve at 0.1% strain. The tensile strength for break was deter-

mined at a strain rate 2 x lO~~ sec .~~.

I’ —
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RESULTS AND DISCUSSION

The systematic study of the effect of average molecular weight (Mw) and

molecular weight distribution (M
~
/M
~
) on the extrusion behavior has been tested

more thoroughly and at lower temperatures than previous ly. Ultraoriented ex-

trudates (25X) of different M
~ 

and M
~
/M
~ 

have been obtained in continuous lengths

at temperatures si gnificantly bel ow the melting range . The characteristic

features of crystalline state coextrusion may be viewed in Figures 1 and 2

and in Tables II and III. Figure 1 shows the length versus time da ta for the

solid state extrusion of split bille ts of a single high density polyethylene .

Figure 2 shows extrudate length versus time for coextruded composites. Tables

II and III list the extrusion rates and the mechanical properties which will

be discussed subsequently.

In these studies we used two different families of high density polyethy-

l enes (Alathon and Marlex) since they cover a wide range of different M
~ 

and

M
~
/M
~
.

From Figure 1 and Tabl e II it is clear that the extrusion rate decreases

with increasing M
~ 

or decreasing melt flow i ndex . This trend observed separ-

ately with each HOPE family, is also observed wi th the two sets superimposed

as shown in Figure 3. Since the extrudates consist of two components , we plotted

our results with respect to the average va l ues of the average molecul ar wei ght

and melt flow index of these components as shown in Table IV. The melt flow

i ndex seems to be related to the apparent viscosity on crystallin e state
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extrusion as discussed below. These were estimated by assuming the law of

mixtures and considering the vol ume fractions of the components . Thus , the

extrusion rate varies from 4 cm./min. (at 0.16 GPa) for Alathon 7050 with MFI =

17.5 to 0.06 cm./min. (at 0.23 GPa) for Marlex 6003 wi th MFI = 0.2. Al though

variation in Mw/Mn does not infl uence significantly the extrusion rate, MFI

has a more profound effect. This is indicated clearly by ex~minin q the molec-

ular characteristics of the studied polyethylenes in Table I and Figure 3.

In particular , for polymers 0 and E wi th the same M
~ 

the extrusion rate increases

with MFI and not with FIW/M~
.

The extrusion rates of the composite extrudates are shown in Table II.

It should be noted that the high molecular weight polyethylene was always the

sheath component (75% by volume) of the composite billet. It is interesting

to note that the viscosity of the semicrystalline state as reflected by the

extrusion rate seems to be related to the melt viscosity (MFI) which is a melt

state property . The extrusion rate of HDPE single crysta l aggrega tes grown

from p-xylene solution is much faster than tha t of me lt crystallized solid

piugs 0~
’. It is believed that the faster rate was caused by the reduced num-

ber of tie molecules in the single crystal morphology . According to Kei th

et ~~~~~~ the number of tie molecules increases wi th M~
. Thus the observed

increase in apparent viscosity on crystalline state extrusion wi th decreasing

MFI is consisten t with the above suggestion .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  — - ~~-~~~I~~~~~-~~~- -
• —

~~~~~~~~~~~~~ ~~~ _ _ _ _ _
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The characteristic feature of the extrusion behavior in the solid sta te

coextrusiors of the composite billets is the signifi cant increase in extrusion

ra te of the hi gh M
~ 

component. In the extreme case of the slow extruding hi gh

molecular weight polyethylene F, incorporation of the low £1~ polyethylene A

as the core resulted in a ten fold increase in extrusion rate. Again , as shown

in Figure 3, the extrusion rate of the composite extrudates is a function of

the average mel t flow i ndex of the component polymers . Although the rates

are highly enhanced by the incorporation of a low M
~ 

polyethylene as the core

component , they are influenced by the high M
~ 

component which acts as the “bottle-

neck of the coextrusion process under these extrusion conditions. An explana-

tion for the remarkable enhancement in extrusion of the composite billets is

offered in the first part of this paper~~~ . The object of the present study

is mainly the extrusion of ultraoriented fibers with enhanced tensile proper-

ties and the effects of the molecular weight and molecular wei ght distribut ion.

Capaccio and Ward~
4
~ compared the drawing behavior of various comercial poly-

ethylenes and concluded tha t optimum results are obtained when the average

molecular weight is low and the molecular weight distribution is narrow . Bar-

ham and Keller~
7
~ on the other hand report that the presence of a low molec-

ular weight component is essential in drawi ng ultraoriented filaments or fi lms

and that it exists in some segregated form. Although the dependence of elas-

tic modulus upon draw ratio is strongly emphasized , It is not clarified which

of the two factors i.e. molecular weight or molecular weight distribution ,

t

•;
- ~4*.I- 

~t

• •,~~~~ -, ,-;-~
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- --______

~~ ~~.



-8-

is the decision and how they affec t the tensile properties. However , with

the i ncorporation of a low M
~ 

HOPE as the core segment the extrusion of con-

tinuous lengths of the higher M
~ 

HOPE at low extrusion temperature and high

EDR is now feasible and these conclusions may be drawn .

Extrusion at the low extrusion draw ratio 12 was also attempted to ascer-

tain the extrusion draw efficiency at low EDR. As it was anticipated , at this

low extrusion draw ratio , the tensile modulus of the filaments was i ndepend-

ent of the molecular weight but not the tensile strength which increased with

molecular weight.

The mechanica l property of extrudates of EDR 12 are shown in Table V.

From the values of tensile modul us and tensile strength of the single polymers

(shown in Table II and Figures 4 and 5), it is clear that there is at least

50% increase in the magnitude of the tensile property as the increases from

59,000 for polyethylene A to 200,000 for polyethylene F. There appears to

be no effect of mol ecular weight distribution on tensile properties as shown

by the two polyethylene families. Namely, polyethylene 0 and E have tensile

modu li and strengths of the same magnitudes although these polymers have differ-

ent molecular wei ght distributions. Similarly with polyethylene F and G, there

is no apparent effect of molecular weight distribution .

The mechanical properties of the compos i te extrudates may be ascerta i ned

by the simple rule of mixtures that applies to a parallel model (16)

T = TcVc + T
~~
(l - V

~
) (1 )

V

I
- f

• b— —— • ~~~- - ~———- -
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E = C
~
V
~ 

+ E~ (1 — V
~
) ( 2 )

where T = tensil e strength , E modu lus , = vol urne f ract ion of co re  compo-

nent and the subscr ipts c and s refer to the core and ~he~ith component s .

the f i l a m e n t comprisin g the core of the extrudate is continuous and surrounded

h/ a bonded sheath via incIting it is leg itima te to use the above equati ons

to descr ibe the mecha nicd l propert ies. The va lues of these properties obtained

by the above equations are in close proximi ty with those obtained exper i mental ly .

The resu l t s  of these studies can be explained in tern’s of Peter l in ’ ’. inter-

~r/ s td l l ine  t ie mo lecule model. Accordingly, an increase in molecular wei ght

le~ids to an increase in the number of tie molecules and the grea ter number

of t ie molecules the higher the proportion of extended chains in the non -crys-

ta l l ine phase for a particu lar extrusion draw rat io.  This higher proportion

of extended chains enhances the tensile modulus. On the other hand , the ten-

sile strength of the ma terial which results from the crystalline component

and the intercrysta lline tie molecules, is further increased by the hi gher

number of intercrys talline tie molecules. The latter not only run longitud-

inally in each microfibril but also laterally between adjacent microfibrils

resulting in higher cohesion in the material. These tie molecules prevent

microfibrillar slipping .

One salient feature of our solid state coextrusion technique is the feas-

ibi lity to extrude at hi gh extrusion draw ratio for polyethylene (~25) and

at temperatures substantially below the meltin g point ( 110 - 120°C.). A t

— 

—

~

.• 

~
- 

~ 

-,

~~ 

~~~~~~~~~~~~~ •1~ ~~~~~ ~~~~ —~~~——
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such temperatures the deformation process may be more efficient in prod ucin g

a m orpho l ogy with a higher proportion of extended chains. This idea is fur-

ther supported by the results of extrusion at 134°C. and 0.24 GPa~
9’~ and our

coextrusion results of low draw ratio (12X ) at 110°C. and 0.10 GPa . In either

case , the conditions do not favor the atta i nment of efficient extension of

molecular chains between intercrys talline tie molecules. In the first case

there is excessive thermal energy causing relaxation of the amorphous phase

and therefore amorphous disorienta tion. In the second , the low extrusion draw

does not cause sufficient deformation to produce a morphology wi th a high pro-

portion of extended chains. Consequently, the effect of molecular we i ght on

modu lus cannot be detected satisfactorily under these condit ions. Finally,

the structure of the coextruda tes was also studied by therma l analysis. Fig-

ure 6 shows the DSC melting curves of single polymer extrudates and coextru-

dates obta i ned at a heating rate of 100C./min. Single polymer extrudates ex-

hibited sharp single melting peaks which were significantly higher (-7°C.)

than the origina l billets (Figure 7). In contrast, all the coextruda tes ex-

hibited double melting peaks i rrespective of heating rate (6.5-20°C./min.),

indicating that they were not caused by a reorganization during heating but

were coexistence of two different morphologies.

Melting curves of HOPE extrudates exhibiting two melting peaks have been

reported on irradiated~~
7
~, nitric acid etched~~

8’19~ and annea l ed~
2
~ samples.

In all cases, the two peaks were attribu ted to different morphological compo-

nents . In order to clarify the two melting peaks, the coextruda tes were

- — - -‘—-- .— • -- - -- ~~~~~~~~ • - ~~~~~~ - - — ~~.-—- - -~~~—
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separa ted into sheath and core components and their melting curves were recorded

at heating rate 100C./min. One example is shown in Figure 7. It is clearly

seen tha t the melting peak temperature of the sheath (hi gh l~1~ HOPE component)

is higher than tha t of core (low M HOPE), and tha t the double melting peaks

in coextrudates were caused by the two components .

Another feature to be noted is tha t the sheath and core peaks are sharp

and equivalent to those of each single polymer extrudate shown ~n Figure 6.

Furthermore , the area of lower melting peaks is about one fourth of the total

peak area , the ratio corresponding to the volume fraction of the two polyethy-

l ene components in the initial billet. These facts indicate that the sheath

and core polyethylene components were extruded at the same rate and mainta i ned

the original geometrical arrangement of definite sheath and core even after

coextrusion. Although the mel ting peak temperature alone cannot be used as

a sound criterion for the efficiency of draw , these DSC results suggest high

efficiency of draw for both of sheath and core polyethylene components .

r

- ~~~~~~~~
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CONCLUSIONS

The mechanical properties of cocyl i ndrical composite fibers extruded by

crystalline state coextrusion have been studied for various conmnercial high

density polyethylenes of different molecular weights and distributions. The

method is unique in producing ultradrawn fibers (EDR 25). The results of this

study show that the extrusion rate does not depend on the molecular weight

distribution and is direc tly related to the average molecular weight or melt

flow i ndex of the component polyethylenes . Similarly, the mechanical proper-

ties increase wi th the average molecular wei ght but do not depend on the mo-

lecular weight distr ibution. The mechanical property results can be described

by the intercrystalline tie mol ecul e model , i.e. the fraction of continuous

crystals , and ascertai ned by the law of mixtures for a parallel model . The

efficiency of drawing by coextrusion was evaluated by thermal analysis.

ACKNOWL EDGEFIENT

The authors express their appreciation to the Office of Naval Research

for financial support.

_~ w’i~~ , ~ .



-13-

RE FERENCES

1. J.H. Southern and R.S. Porter, 3. Macromol . S c ,  14, 682 (1974).

2. R.S. Porter, J.H. Southern and N .E. Weeks , Polym . Eng . S c ,  15, 213 (1975).

3. G. Capaccio and I . M .  Ward , Polymer, 15 , 233 (1974).

4. G. Capaccio and I.M. Ward , Polym . Eng. S c ,  IS , 219 (1975).

5. G. Capaccio , T.A. Crompton and 1.11. Ward , J. Polym . Sci., Polym . Phys.

Ed., 14, 1641 (1976).

6. A.G. Gibson, I.M. Ward , B.N. Cole and B. Parsons , J. Mater. Sci., 9, 1193

• (1974).

7. P.~J. Barham and A. Keller , 3. Mater. S c ,  11 , 27 (1976).

8. A.J. Pennings , C.J.H. Schoutelen and A.M. Kiel , 3. Polym . Sd ., C, 38, 167 (1972).

9. W.G. Perkins , N.J. Capiati and R.S. Porter, Polym . Eng . Sci., 16 ,3 (1976).

10. P.O. Griswold , A .E. Zachariades and R.S. Porter, presented at Flow Induced

Crystallization Symposium , Midland Macromolecular Inst., Midland , Mich-

igan , August , 1977.

11 . A.E. Zachariades , P.D. Griswold and R.S. Porter , Polym . Eng . Sci., to

be published .

12. A.E. Zachariades , R. Ball and R.S. Porter, J. Mat. Sd ., 1978, accepted .

13. T. Kanamoto , A.E. Zachariades and R.S. Porter, presented Nationa l Meet-

ing of American Physical Society, March , 1 978, Washington , D.C.

14. T. Kanamoto and R.S. Porter, to be published .

• 
——— - 

2 ~~~~~~~~~~~~~~~~~~ ~~~~~r’~-~L ~~~~~~~~~~~~~~~~~~~~~~~~~ 

- ____  

• ~~~~~~~~~~~~~ • ~~~~~~~~~~ ~~~~~~~



-14-

15. H.D. Keith and F.J. Padden, Jr., J. Polym . Sci., 41 , 525 (1956).

16. M.J. Kahan, Nylon Plastics , John Wiley & Sons , 1973, New York.

17. J.H. Southern , R.S. Porter and H.E. Bair , J. Polyni . Sc , A-2 , 10, 1135

(1972) .

18. R.S. Porter , J.H. Southern and N.E . Weeks, Polym . Eng. Sci., 15 , 213 (1975).

19. N .E. Weeks , S. Mon and R.S. Porter , J. Polym . Sci., A-2, 13, 2031 (1975).

20. W.T. Mead and R.S. Porter, 3. App l . Phys., 47, 4278 (1976).

I

~~~

‘

_ _ _ _  

_I
Ic -.‘ ,



TABLE I

Molecular Characteristics of (studied)

High Oensity Polyethylenes

Poj~~~~~DesLqfl~~1on M~ (x 1 OT~~

A 59 2.96 17.5

B 92 3.54 2.8

C 147 4.43 1.0

0 <1 10 <7 6.5

E <110 13-20 5.0

F =200 7—13 0.3

G <250 13-20 0.2

4-
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TABL E II

Extrusion Ra te and Tensile Properties for
Individua l High Density Polyethylene Extrudates

High Density Polyethylene Extrusion Rate Tensile Strength Tensile_Modulus
Grade 7~m. /mi n.) ~~ar

*A 4.0 0.37 28

B 1 .0  0.45 25

C 0.15 0.52 31

0 1.7 0.49 23

E 0.8 0.48 23

F 0.06 0.55 45

G 0.05 0.47 45

*
Extrusion performed at 0.16 GPa pressure.

i t  
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TABLE III

Extrusion Ra te and Tensile Properties of Compos i te
High Density Polyethylene Extrudates

Desi~patiori Extrusion Rate Tensile Strenj ~h I s i l M o d lus
(GP~)

B - A 2.5 0.43 31

C - A  0. 2 0.48 26

0 - A  2.7 0.44 32

[ - A  2.5 0.34 26

F - A 0.5 0.6 36

G - A 0.25 0.51 38

.

I

~
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TA BLE IV

Average M
~ 

and MFI of Coextruded

High Density Polye thylenes

Polymer Pesi~~ation

1 3 - A  83.7 6.5

C - A 125.0 5.1

0 - A  97.2 9.2

£ - A 97.2 8.1

F - A 202.2 4.6

G - A 202.2 4.5

*
Sheath/core assignment.



TABLE V

Tensile Properties of Individual and Composite

Hi gh Density Extrudates at [OR 12

Young ’ s Modulus Tensile Str~ Ith
Po~y~er~~~~~~~ tf

A 9 0.25

B 11 0.39

C 12 0.40

F 10 0 .45

*
B - A  9 0.47

*
C - A  9 0.38

*
F - A  10 0.40

*
Shea th/core assignment.

,
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FIGURE CAPTIONS

Figure 1: Extruded rilamnien t Length versus Time Curves for Individua l Poly-

ethy lenes. Extrus ion Conditions = T
ex 120°C., next 0.23

GPa , EDR = 25 , No Lubricant.

Figure 2: Extruda te Length versus Time for Polyethylene Composite Extru-

dates . Extrusion Conditions: Text 120°C., n
ext 0.23 GPa ,

[DR = 25, No Lubricant. The sheath-core order indicates the

geometrica l arrangemen t of the po lyethylene phases . 4

Figure 3: Extrusion Rate versus Melt Flow I ndex for Single and Composite

Polyethylene Extruda tes ([DR = 25). For composite extruda tes

the MFI values represent the average va l ue for the two compo-

nents on the basis of their volu m e fractions.

Figure 4: Tensile Modulus as a Function of Molecula r Weight for Indivi-

dual and Composite Pol yethylene Extrudates . For composite ex-

truda tes, the M
~ 

represent the average value for the two com-

ponents on the basis of their vo l ume fractions.

Figure 5: Tensile Strength as a Function of Mol ecular Weight for Indivi-

dual and Composite Polyethylenes . For compos i te extrudates ,

the M
~ 

represents the average va l ue for the two components on

the basis of their volume fractions.

Figure 6: Melting Thermograms of Single Polyethylene Components (a) and

Coextrudates (b); Heating Rate 100C./min.

Figure 7: Melting Thermograms of C - A Coextruded Fiber and its Sheath

and Core Components . Thermograms of the initial preformed billet

components are also Included .

_ _ _ _ _ _ _ _ _ _ _  
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